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The 1990 DOE Tiger Team Finding GW/CF-202 found that the hydrogeologic regime at the Hanford Site was inadequately characterized. This finding also identified the need for completing a study of the confined aquifer in the central and southern portions of the Hanford Site. The southern portion of the site is of particular interest because hydraulic-head patterns in the upper basalt-confined aquifer system indicate that groundwater "hornthe Hanford central plateau area, where contaminants have been found in the aquifer, flows southeast toward the southern site boundary. This results in a potential for offsite migration of contaminan~through the upper basalt-confined aquifer system.
Based on the review presented in this report, available hydrogeologic characterization information for the upper basalt-confked aquifer system in this area is considered adequate to close the action item. Recently drilled offsite wells have provided additional information on the structure of the aquifer system in and near the southern part of the Hanford Site. Information on hydraulic properties, hydrochemistry, hydraulic heads and flow directions for the upper basalt-confiied aquifer system has been re-examined tid compiled in recent reports including Spane and Raymond (1993) , Spane and Vermeul (1994) , and Spane and Webber (1995) .
No contaminants from Hanford Site sources have been identified in the basalt-confined aquifers in the southern part of the Hanford Site. Available hydrogeologic data, however, indicate that there is a potential for contaminated groundwater found in the upper basalt-confined aquifer in the central plateau area to eventually cross the southern Hanford Site boundary. The direction of groundwater flow in the southern part of the Hanford Site is southeast, toward discharge areas associated with the Columbia River. Based on estimates of aquifer hydraulic properties and hydraulic gradient, groundwater within the upper basalt-confined aquifers moves at about 3 m/y, and it would take more than 8,000 years for contamin@s to reach the southern site boundary under current flow conditions. Isotopic age-dating of groundwater indicates similarly long travel times.
Eventually, groundwater in the upper basalt-confined aquifers must either move upward into the unconfined aquifer and discharge to the Columbia River or move parallel to the river across the southern site boundary. Therefore, the potential for contaminated groundwater to cross the southern boundary depends on the degree of intercommunication between the upper basalt-confiied aquifers and the unconfined aquifer in this area. If intercommunication is limited, then groundwater is more likely to cross the boundary. Offsite water and land use immediately south of the Hanford Site affects the pattern of groundwater flow in this area. For example, recharge from imported irrigation water may increase the hydraulic head south of the Site and reduce the potential for groundwater to move across the southern boundary. In contrast, pumping of groundwater from the upper basalt-confiied aquifer south of the Hanford Site would have the opposite effect on hydraulic head conditions. Monitoring of water quality and hydraulic head conditions in the upper basalt-confiied aquifer system is conducted to verify the current understanding of the flow system and ensure that contaminants do not migrate offsite through this pathway. 
Introduction
This report summari Z& available information regarding the upper basalt-confked aquifer system in the southern portion of the Hanford Site (south of the Washington Public Power Supply System). The objective of this review is to determine whether currently available information is sufficient to close an action item related to the 1990 DOE Tiger Team Finding GW/CF-2 02, which found inadequate characterization of the hydrogeologic regime. The action item states "complete conilned aquifer study of the central and southern portions of the Hanford Site." The southern portion of the site is of particular interest because hydraulic-head patterns in the upper basalt-confined aquifer system indicate that groundwater from the central plateau are% where contaminants have been found in the aquifer, flows to the southeast.
Geologic Framework
Basalt-confined aquifers beneath the Hanford Site are primarily located at the contacts of basalt flows of the Columbia River Basalt Group. The most recent, laterally extensive sequence of basalt flows underlying the Hanford Site is the Elephant Mountain Member of the Saddle Mountains Basalt Formation. Locally overlying the Elephant Mountain Member is the Ice Harbor Member, which is found only in the southern part of the Site (DOE 1988), The Ice Harbor basalt crops out in the "Yakirna Horn" area ( Figure 1 ) across the Yakima River from the southern boundary of the Hanford Site (Reidel and Fecht 1994) .
Jnter-layered between various basalt flows are sedimentary interbeds collectively called the Ellensburg Formation. The Ellensburg Formation includes fluvial and lacustrine sediments consisting of mud, sand, and gravel which, along with porous basalt flow-tops and flow-bottoms, form basalt-confked aquifers that extend across the Pasco Basin (DOE1988).
The upper basalt-confined aquifer system in the southern Hanford Site is composed of the Levey and Rattlesnake Ridge interbeds and permeable basalt interflow contact zones within the Elephant Mountain and Ice Harbor Members. Over most of the Hanford Site, the Rattlesnake Ridge interbed forms the uppermost, laterally extensive basalt-confined aquifer (Spane and Webber 1995) . However, in the southern part of the"Hanford Site, the Levey Jnterbed is confked below the Ice Harbor Member and forms the uppermost basalt-confiied aquifer in this region. Other interflow zones (i.e., contacts between individual basalt flows) within the Ice Harbor or Elephant Mountain Members may also be relatively permeable. Figure 1 shows the approximate extent of the Levey interbed and identities wells in the southern part of the Hanford Site where this interbed occurs. Figure 2 shows a west to east cross section near the southern boundary of the Site that illustrates the relationship of the various hydrogeologic units. Figure 3 shows a north to south cross section near the Columbia River. Locations of the cross sections are 
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699-S16-E14 699-S1l-E12AP , indicated on FQure 1. Geologic information for offsite wells was adapted from Liikala (1994) . More information on the geologic framework of the overall basalt-confined aquifer system is available in DOE (1988), Spane and Vermeul (1994) , and Spane and Webber (1995) .
In the southern part of the Hanford Site, the Rattlesnake Ridge interbed varies in thickness from Oto about 25 m. Figure 4 shows an isopach map of the Rattlesnake Ridge interbed. As shown, the interbed thins to the south and is absent along the eastern and southwestern boundaries of the Hanford Site. In the southern pti, of the Hanford Site, the Rattlesnake Ridge interbed is characteristically composed of a tuffaceous sandstone to tuffaceous siltstone (Spane and Webber 1995) . The Levey interbed is also composed of tuffaceous sandstone and/or clay, and a maximum thickness of about 20 m has been observed at wells ORV-2 and 699-S51 -2, located south of the area shown in F@.ire 1.
Upper Basalt-Confined Aquifer Wells in the Southern Hanford Site
Wells completed in the upper basalt-confined aquifer system in the southern part of the Hanford Site &din the surrounding offsite area are shown in Figure 1 . Some wells are completed in the Rattlesnake Ridge or Levey interbeds and others are completed in deeper basalt-confined aquifers, primarily the Mabton interbed. A few wells, such as the well labeled LANDFILL, are completed within the Ice Harbor basalt. Offsite wells labeled LANDFILL, ORV-1, and ORV-2 are water-supply wells for the City of Richland landfill and off-road vehicle parlGrespectively. The landfill well is completed within the Ice Hmbor Basalt and, based on projections of the elevation of the Levey interbed in nearby wells, appears to end just at the top of the Levey interbed. ORV-1 is completed across the Levey interbed. ORV-2 is completed in the lower part of the Levey interbed, through the Elephant Mountain Basalt, and into the Rattlesnake Ridge interbed. These wells potentially can be used for monitoring groundwater quality within the upper basalt-confined aquifer. Well 699-S24-19 was renovated during 1996 to isoIate the unconfined aquifer from the underlying basalt-confiied aquifer. The well was previously open to both intervals, although they had been temporarily isolated by placing a packer in the well.
Groundwater Flow Direction and Aquifer Intercommunication
Regional groundwater flow in the Pasco Basin is from areas of higher hydraulic head at the uplifted margins of the basin toward the Columbia River, which is the regional dkcharge area for both the unconfined and coni-ined aquifer systems (Whiternan 1986; DOE 1988) . Figure 5 shows a map of the measured and inferred hydraulic head distribution for the upper basalt-confined aquifer beneath the Hanford Site.
In the southern part of the Site, groundwater in the basalt-confined aquifer system moves southeastward from the Rattlesnake Hills toward the Columbia River. Hydraulic heads increase on the eastern side of the Columbia River, across from the Hanford Site, limiting the potential for groundwater flow to the east. The elevated hydraulic heads east of the Columbia River have been associated with artificial 
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-,.,,. recharge from irrigation and canal leakage (Spane and Raymond 1993) . Groundwater in the upper basaltconfined aquifer system flows obliquely to the southeast across the southern boundary of the Site. A potential therefore exists for contaminants in the basalt-confined aquifer to migrate across the southern boundary.
Vertical hydraulic gradients between the upper basalt-confined aquifer system and the unconfined aquifer system are generally downward near recharge areas such as the Rattlesnake Hills to the west and upward near discharge areas such as the Columbia River. The upward gradient in the eastern part of the Hanford Site results in a potential for upward discharge of groundwater to the unconfined aquifer system and eventually to the Columbia River (Spane and Webber 1995) . F@ure 6 shows measured head differences between the upper basalt-confined aquifer system and the overlying unconfined aquifer and delineates areas where the gradient is upward and downward. Upward discharge to the unconfined aquifer occurs at a low rate over the entire area with an upward gradient because of the low hydraulic conductivity of the confining units. However, faults or erosional channels that cut through the confining basalt layers may cause increased communication between the aquifer systems in some areas. Figure 6 shows that an upward hydraulic gradient exists in the southern part of the Hanford Site. Increasing hydraulic heads with depth, indicating an upward hydraulic gradient, were also noted when well ORV-1 was drilled (Liikala 1994) . The upward gradient makes it unlikely that any contaminants in the unconfined aquifer would migrate downward into the basalt-confined aquifer. However, pumping of production wells located in the basalt-confined aquifer will act to lower hydraulic heads in this aquifer, and recharge of imported water will increase hydraulic heads in the unconfined aquifer, which may eventually result in a downward gradient.
Factors Affecting the Potential for Migration of Contaminants Across the Southern Boundary
Several factors are expected to influence groundwater flow conditions (and potential contaminant migration) along the southern boundary of the Hanford Site. These factors include: Recharge from the Rattlesnake Hills
The Rattlesnake Hills, along the western boundary of the Hanford Site, is a recharge area for both the cofilned and unconfined aquifer systems beneath the Hanford Site (DOE 1988; Wurstner et al. 1995) . Within the upper basalt-confiied aquifer, this recharge results in a general west to east movement of groundwater across the central part of the Site towards the Columbia River. Wastewater disposal operations in the 200 Areas have locally altered this flow pattern and resulted in a southeast flow. The wastewater discharges have caused groundwater mounds in the unconfined aquifer and have also affected the upper basalt-confined aquifer in the vicinity of B Pond (see Figure 5) . However, the mound is expected to dissipate as wastewater discharges are reduced (Hartrnan and Dresel 1997).
Interaction with the Yakima River
There is some evidence that the Yakima River may also recharge the upper basalt-confined aquifer (see the Groundwater Chemistry section below). The river is in contact with the basalt formation in the vicinity of the Yakima Horn. If recharge is occurring along the river, the potential for groundwater flow across the southern boundary of the Hanford Site is reduced because of the resulting northhortheastward gradient. To help define aquifer behavior in the vicinity of the Yakima River, river-stage monitoring has been conducted at a location just below Horn Rapids Dam. These data were compared to water levels measured in both the unconfined aquifer system and the basalt-confined aquifer system at nearby well 699-S24-19 (Theme et al. 1993) . Water levels at this well did not show a direct response to changes in river stage. However, the water level of the unconfined aquifer interval did respond to the filling of a canal (the Horn Rapids Ditch) between the well and the river. It appears that the basak-confiied aquifer monitored at this well is not hydraulically connected to the Yakima River. It is not certain whether the basalt confined interval at this well is the Levey interbed or a different interflow zone (see Figure 2) .
Discharge to the Unconfined Aquifer Near the Columbia River
The groundwater flow pattern in the upper basalt-confined aquifer system shows apparent discharge in the vicinity of the Columbia River along the southeastern boundary of the Hanford Site, south of the Supply System ( Figure 5 ). Faults or erosional channels associated with the extension of the Gable Mountain-Gable Butte anticline maybe present in this area. The upper basalt-confined aquifer is not in direct contact with the river in this area. If communication between the aquifers is limited and the amount of upward discharge is low, then it is more likely that groundwater in the upper basalt-confhed aquifer will flow across the southern Site boundary as it moves toward a discharge area located far&er south. High rates of upward discharge along.the Columbia River adjacent to the Hanford Site would result in water being discharged before it flowed across the southern Site boundary, The actual amount of discharge from the upper basalt-confined aquifer in this area is not known and would be difllcult to quantify.
Impact of Offsite Land Use and Groundwater Use
Offsite lrqd use and groundwater use south of the Site boundary, in the area between the Yakima and Columbia rivers, also affect the pattern of groundwater flow in the upper basrilt-confiied aquifer. Liikala (1994) tabulates estimated irrigation water volumes applied to farmland in this area. The applied water is mostly (95%) imported from the Columbia River. Most of the remainder is pumped from wells completed in the unconfined aquifer. The resuking recharge may contribute to a northward gradient that would reduce the potential for groundwater to move across the boundary. However, tlis recharge primarily affects hydraulic heads within the unconfined aquifer. The degree to which the upper basakconfined aquifer is affected depends on the degree of hydraulic connection between these units, which is largely unlmown. Pumping of production wells completed in the upper basalt-confined aquifer has the opposite effect. The wells labeled LANDFILL, ORV-1, and ORV-2 provide water for the City of Richland landfill and off-road vehicle park. Farther south and across the Yakima River, wells completed in the upper Saddle Mountains Basalt are pumped to supply water to the City of West Richkind. Pumping these wells may create a depression inlhe potentiometric surface causing a more southward flow across the southern boundary of the Hanford Site.
Aquifer Hydraulic Properties
Aquifer hydraulic properties affect the migration of contaminants through the aquifer. Groundwater and contaminant velocity is proportional to both the aquifer transmissivity and the hydraulic gradient, and inversely proportional to the effective porosity. Hydraulic properties for various basalt-confined aquifers were studied extensively as part of the Basalt Waste Isolation Project investigations. These data tie summarized in Gephart et al. (1979) , Strait and Mercer (1987), and DOE (1988) . Spane and Vermuel (1994) compiled available test results and data for the upper basalt-confined aquifer system and reanalyzed the data using recently developed diagnostic tools (i.e., pressure derivative analysis). A total of 35 tests was re-examined including 22 for the Rattlesnake Ridge interbed and 2 for the Levey interbed. The reanalysis generally resulted in calculated transmissivity values that were lower than the originally calculated transrnissivity, with reanalysis results usually within a factor of two of the original values. Spane and Vermet.d (1994) found that 90% of the transmissivity values for the upper basalt-confiied aquifer were between 1 and 100 m2/d, and 65% of the values were between 10 and 100 m2/d. Values reported for aquifer tests at selected wells in the southern part of the Hanford Site are presented in Table 1 . Effective porosity of the upper basalt-confined aquifer is less well known but likely varies over a smaller range than the transmissivity. The effective porosity of the sedimentary interbeds is generally less than 0.2 (DOE 1988) . Assuming an aquifer transmissivity of 15 m2/d, a thickness of 20~an effective porosity of 0.1, and a average hydraulic gradient (from Figure 5 ) of 0.0005, the groundwater velocity would be 1.4 ndy in the upper basalt-confined aquifer in tie southern part of the Hanford Site. This should be considered an approximation because of the uncertainty in the hydraulic properties. Similarly, Spane and Webber (1995) estimated a groundwater velocity of 0.7 to 2.9 mly based on an assumed effective porosity range of 0.1 to 0.3. They also estimated groundwater velocity based on the C-14 age dating of groundwater from wells 699-17-47 and 699-S 16-E14. The age difference was 9605 y, which implied a groundwater flow velocity of 2.2 m/y between these wells.
Groundwater Chemistry
Groundwater chemistry and isotopic data are useful in understadng the history of groundwater within the aquifer and in identifying the spread of contaminants. To this end, basalt-contlned aquifer wells are routinely sampled for chemical and radiological constituents. Results are presented annually in the Hanford Site Groundwater Monitoring Report (e.g., Hartman and Dresel 1997). Spane and Webber (1995) list recent chemical and radiological data for Hanford Site upper basalt-confined aquifer wells and have also compiled available information for stable environmental isotopes H-2, 0-18, S-34, and C-13 within the upper basalt-confined aquifers. They also provide information on mtural and Hanfordproduced radioactive isotopes. Whiteman et al. (1994) provided information on the groundwater chemistry of the regional basalt-confiied aquifer system.
As noted by Spane and Webber (1995) , groundwater within the basalt-confiied aquifers evolves from a C4Mg-HC03 chemical water type to a Na-dominated water type with increasing residence time in the aquifer. Stiff diagrams displayed in Figure 7 indicate the dominant cations present in samples from the upper basalt-confined aquifers. Samples from both the Levey and Rattlesnake Ridge interbeds in the southern part of the Hanford Site are of the Na-dominated type indicating relatively long residence times. In contrast, samples from wells in the Gable Mountain-200 East Area are CA,Mg-HCO~type indicating recent recharge to the aquifer in that area. Offsite wells that tap the upper Saddle Mountains Basalt aquifers across the Ya.kima River south of the Hanford Site are also of the Ca,Mg-HC03 type indicating more recent recharge. Recharge in this area is unrelated to Hzinford Site activities.
The isotopic composition of groundwater from the basalt-confhed aquifers beneath the Hanford Site also provides information on the origin and evolution of the groundwater. Samples from the aquifer are generally of lighter isotopic composition with respect to H-2 and 0-18 than water found in the Columbia or Yakima rivers (Spane and Webber 1995) . As reported by Graham (1983) , the isotopic content is similar to local precipitation that occurs during the winter on the Rattlesnake Hills. Therefore, it is likely that the water in the aquifer was recharged under similar conditions and perhaps in the same area in the' past. Spane and Webber (1995) showed that although the isotopic composition (H-2 and 0-18) of groundwater from the upper basalt-confined aquifers beneath the soutiem part of the Hanford Site was dkt.inct from the composition of Yakima River water, groundwater from the upper Saddle Mountains Basalt south of the Yakima River (wells 10N27E28B, 09N28E05C, and 10N27E23J) was similar to the composition of Yakima River water. This indicates possible recharge from the river to the basaltconfined aquifer in the area adjacent to the river. Recharge of Yakima River water could also be occ~g because of irrigation in this area. Wells in the southern part of the Hanford Site appear to be influenced more by recharge from the Rattlesnake Hills.
Distribution of Contaminants from Hanford Site Sources
Contaminant plumes originating in the 200 Areas, particularly tritium, nitrate, and iodine-129, are widespread in the unconfined aquifer system at the Hanford Site. These plumes extend southward to approximately the southern part of the 300 Area (Hartman and Dresel 1997) . Nitrate from offsite sources is also found immediately south of the Hanford Site. This plume extends across the site boundary (Hartman and Dresel 1997) .
WMin the upper basalt-confined aquifer, contamination from Hanford sources has been found only in the vicinity of the 200 Areas, particularly in the area between the 200 East Area and Gable Mountain (IGW 1987; DOE 1988; Spane and Webber 1995) . Recent measurements of tritiun NOS, and iodine-129 for wells in the southern part of the Hanford Site are listed in Table 2 . Tntium concentrations in the basalt-confined aquifers are generally lower than the concentrations found in precipitation or water from the Yakima or Columbia rivers because these waters have been affected by tritium from testing of nuclear weapons.. As reported by Spane and Webber (1995) , tritium is slightly elevated, similar to Yakima River water, in wells south of the Yakirna River. This is consistent with possible recharge of river water, which is also supported by stable isotope data. Iodine-129 concentrations in older groundwater found in the basalt-confined aquifers are also generally lower than concentrations found in precipitation and surface waters because of atmospheric releases of iodine-129 from nuclear fuel processing operations. IWG (1987) provides a compilation of iodine-129 data for the Hanford Site and discusses likely sources of iodine-129 found in the basalt-cotilned aquifer system. In the southern part of the Hanford Site, iodine-129 concentrations are generally at expected low background values or are explained by recent recharge of surface water. Iodine-129 has been found at well 699-S 16-24 in the Mabton titerbed, a deeper basaltconfmed aquifer, at concentrations comparable to values in surface water and precipitation. IGW (1987) concluded that the source was probably not the same as iodine-129 found in the Hanford 200 areas because tritium/iodine-129 and technetium-99/iodine-129 ratios for the well samples are much lower. Tntiurn and technetium-99 would also be expected in elevated concentrations if the source were associated with the 200 Area releases. 
A
Potential for Contaminant Migration Across the Southern Hanford Site Boundary
Currently available hydrogeologic data indicate that contaminated groundwater found in the upper basalt-confiied aquifer in the central plateau area may eventually cross the southern Hanford Site boundary. However, there are two hydrologic phenomena that reduce the potential for this to occur. These are: 1) groundwater discharge from the upper basalt-confkd aquifer system to the unconfined aquifer system in the vicinity of Gable Mountain, and 2) the possible discharge of groundwater to the unconfined aquifer, and eventually to the Columbia River, along the southeastern boundary of the Hanford Site. toward this discharge area from both the north and the south. Under the hydrologic conditions shown in Figure 5 , a groundwater divide exists in the vicinity of the 200 East Area with flow northward on the north side of the divide and flow southward on the south side of the divide. Therefore, contaminated groundwater in the aquifer north of the divide is not expected to flow toward the southern part of the Site or cross the southern Site boundary. As wastewater discharge and hydraulic head in the unconfbed aquifer are reduced, the amount of groundwater discharge from the upper basah-confined aquifer to the unconfined aquifer is expected to increase in the area near Gable Mountain. This may shift the location of the groundwater divide to the south and further reduce the potential for flow of contaminants to the southeast.
Groundwater that moves to the southeast across the Hanford Site through the upper basalt-confined aquifer converges in the vicinity of the Columbia River with flow from the agricultural area east of the river. It is unlikely that groundwater will move eastward across the river because of elevated hydraulic heads east of the river. The Columbia River delineates an apparent discharge area for the upper basaltconfined aquifer along the southeastern boundary of the site (Spane and Webber 1995) . However, the degree of intercommunication between the aquifer systems and the actual amount of discharge is unknown. If the discharge is limited, then groundwater in the upper basalt-confined aquifer is likely to flow downgradient within the upper basalt-confined aquifer and cross the southern Hanford Site boundary.
If groundwater in the upper basalt-confhed aquifer system does move across the southern boundary of the Hanford Site, long travel times would be required for contaminants from the central plateau area to reach the southern boundary. The most direct distance is about 26 km. Assuming the upper groundwater velocity estimate of 2.9 rrdy, a travel time of more than 8,000 y is indicated. However, because there is a potential for contaminated groundwater in the upper basalt-confined aquifer system to eventually flow offsite through this pathway, wells in this aquifer are monitored to track contaminant movement and changes in hydraulic head conditions. As disctissed in the section on hydraulic heads, offsite land use and groundwater use south of the Hanford Site boundary may affect the fixure pattern of groundwater flow and flow velocities in the upper basalt-confined aquifer. Wastewater discharge practices and potential future irrigation of portions of the Hanford Site may also have an effect on flow patterns. Therefore, these activities may impact the potential for offsite migration of contaminants through the aquifer. Offsite wells near the southern boundary of the site, such as 0RV2, may serve as additional monitoring points.
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